INTRODUCTION
The relative influence of biotic interactions and the physical environment on evolution has stirred much debate (Vermeij, 1977 (Vermeij, , 1987 Thayer, 1979; Gould and Calloway, 1980; Boucot, 1983; Gould, 1985; Benton, 1987; Jackson, 1988) . The hypothesis of escalation (Vermeij, 1987 (Vermeij, , 1994 Jackson, 1988) , which assumes a dominant role for biotic interactions, states that biological hazards have increased during the Phanerozoic. According to this hypothesis, the number and efficiency of predators have increased through time and prey taxa have increased their defenses to meet this threat. Escalation is a controversial hypothesis; studies both support (Signor and Brett, 1984; Bambach, 1993; Rhodes and Thompson, 1993) and contradict (Gould and Calloway, 1980; Gould, 1985; Benton, 1987; Kitchell, 1990) its predictions.
One prediction of the hypothesis of escalation is that highly escalated species (e.g., those with antipredatory adaptations such as heavy armor) will be more susceptible than nonescalated species to elimination by mass extinctions that are caused by cooling or other factors that inhibit primary production. Escalated species are thought to be more vulnerable to interruptions in primary productivity because characteristics that enable individuals to cope with enemies, such as heavy armor or high speed, require high metabolic rates and therefore uninterrupted food (Vermeij, 1987) .
In support of this contention, Vermeij (1987) cited the differential loss of escalated species after the uplift of the Central American isthmus in the Pliocene. In areas of lowered temperature and productivity, hard-bottom gastropod species with adaptations for resisting crushing or extraction by predators were four times as likely to undergo extinction as less escalated forms (Vermeij and Petuch, 1986; Vermeij, 1987) . Supporting examples also come from the greater extinction of escalated molluscan taxa in the Neogene of California and the Paleozoic and Jurassic of Europe (Vermeij, 1987) . For example, study of North Sea, Mediterranean, and California faunas indicated that infaunal bivalves with tight valve closure were somewhat more prone to extinction than were bivalves with permanent gapes during the Pliocene-Pleistocene. Similar results were observed for European Pliensbachian bivalves. In each of these cases, the differences in extinction frequencies were not statistically significant, but all differences were in the expected direction (Vermeij, 1987) . In addition, armored nautiloids were significantly more susceptible to extinction than were nonarmored genera during the Ludlovian and Visean (although extinction probabilities did not differ significantly for any other stage and during the Caradocian were reversed from expectations). Kelley and Hansen (1996) also invoked the hypothesis of preferential extinction of escalated prey species to explain a surge in the frequency of predation by drilling naticid gastropods immediately after the Cretaceous-Paleocene and Eocene-Oligocene extinctions.
Four climate-related mass extinctions occurred in the past 65 m.y. that are suitable for testing the vulnerability of escalated species. The Cretaceous-Paleocene, Eocene-Oligocene, middle Miocene, and Pliocene-Pleistocene extinctions were all associated with cooling and/or a decline in primary productivity. Analyses of 13 C/ 12 C ratios and fossil assemblages suggest suppression of primary productivity on the order of 10 5 yr after the Cretaceous-Paleocene event (Zachos et al., 1989; Hansen et al., 1993; D'Hondt et al., 1998) . The Eocene-Oligocene extinction has been associated with cooling by numerous studies (Prothero and Berggren, 1992) . Cooling has also been cited as a cause of the middle Miocene and Pliocene-Pleistocene extinctions in the U.S. Atlantic coastal plain (Stanley, 1986; Petuch, 1997) . Although the severity and exact mechanism of climate change varied among the extinctions, each should have resulted in the preferential extinction of escalated species, according to the hypothesis of escalation. Because the severity of the extinctions decreased toward the Holocene, we might expect the Cretaceous-Paleocene and to a lesser extent the Eocene-Oligocene events to show a greater extinction of escalated species than the middle Miocene or Pliocene-Pleistocene events.
The most direct approach to testing whether escalated species are more vulnerable to climaterelated mass extinctions is to compare the levels of escalation of species that went extinct with those of species that survived the extinction. In this study we conduct such comparisons for the middle Miocene and Pliocene-Pleistocene extinctions. However, deposits overlying the Cretaceous-Paleocene and Eocene-Oligocene boundaries contain too few survivor species to allow statistical comparisons of species that survived with those that became extinct. For these extinctions, we estimated the vulnerability of armored prey by comparing the relative level of escalation of the molluscan fauna immediately above the extinction boundary with that of the fauna prior to the extinction. If escalated species have been more vulnerable than nonescalated species to climate-related mass extinctions, then we predict that the recovery faunas in the Paleocene and Oligocene should have a significantly lower frequency of escalated species compared to the preextinction faunas.
METHODS
We examined 135 species of molluscs from the Upper Cretaceous Ripley Formation near Eufala Landing on the Chattahoochee River in Barbour County, Alabama (U.S. Geological Survey collections of Norman Sohl). We examined 67 species from the Paleocene Brightseat Formation from Prince Georges County, Maryland. The Eocene-Oligocene comparison included 52 species from the Eocene Moodys Branch Formation (Mississippi Geological Survey locality 2; Jackson, Mississippi) and 40 species from the Oligocene Red Bluff Formation southwest of Hiwannee, Mississippi (locality 38 of the Mississippi Geological Survey). For the middle Miocene extinction, we examined survivorship of 51 species from the Calvert Formation (Plum Point Marl Member) from Calvert Cliffs, Calvert County, Maryland. Pliocene samples (65 species) came from the Chowan River Formation, collected from near Norfolk, Virginia, and along the Chowan River in North Carolina. All of the units were deposited in relatively shallow marine shelf environments, are composed of roughly similar grain sizes, and possess well-preserved molluscan fossils that can be easily collected whole. With the exception of the Ripley Formation, all of the collections come from bulk samples.
Although the morphological data for testing this hypothesis are derived from individual stratigraphic sections, the extinction data come from multiple localities across the extinction boundaries. Individual localities with particularly wellpreserved faunas served as the source of specimens for measurement. The study therefore examines the manifestation, in local sections, of regional to global extinction events.
We evaluated the distribution and degree of defensive armor in all gastropod and infaunal bivalve species within the samples. We excluded epifaunal bivalves from our analysis because they have very different life modes from infaunal burrowing bivalves (e.g., some epifaunal species live attached to other organisms, cemented to the substrate, or can swim) and therefore employ different antipredatory traits. In addition, many epifaunal bivalves have calcitic shells that have different mechanical properties than do aragonitic shells.
Several morphological characters have been demonstrated to confer resistance to molluscan predators (Vermeij, 1987) . A thick or highly ornamented shell has been shown to deter both shell-drilling and shell-breaking predators (Vermeij, 1987) ; tight valve closure in bivalves prevents chemical detection by predators and provides protection against marginal breakage or predators that pull the valves apart. In gastropods, thickening of the outer lip and the absence of an umbilicus produce greater shell strength. A narrow or fortified aperture deters predators that gain access to prey through the aperture.
We recorded the following discrete characteristics as present or absent: (1) crenulated valve margins and (2) valve overlap (bivalve species only), (3) narrowly elongated aperture, (4) thickened apertural lip, (5) teeth in aperture, and (6) lack of an umbilicus (gastropod species only). In addition, we determined the degree of external ornament for both bivalves and gastropods using a photographic scale of our design (Fig. 1 ) that assigned each species to one of four classes: smooth, fine, coarse, and very coarse ornamentation. (A similar system was employed by Leighton [1999] , in a study of antipredatory armor in Paleozoic brachiopods.)
A preliminary literature-based study (Kelley and Hansen, 1996) examined both absolute body size and shell thickness of preextinction and postextinction species. In this paper, however, we examine thickness relative to shell size. Relative thickness provides a more adequate measure of armoring; for example, a large clam that is 1 mm thick will be relatively much weaker than a small clam of the same thickness. Relative shell thickness of bivalves and gastropods was therefore determined as follows. For the largest available entire specimen of each species, we measured maximum shell height and thickness and then normalized shell thickness to shell height. We analyzed only one specimen of each species because many species (especially in the Cretaceous sample) had only one complete specimen available. Comparing populations of some species to single specimens of other species would entail much more work without adding resolution to the data. We also did not perform a separate analysis of absolute body size because absolute size is too dependent on sample size.
Comparisons of shell thickness normalized to 1140 GEOLOGY, December 1999 shell height in bivalves and gastropods were tested for statistical significance using the Mann Whitney U test. The chi-squared (χ 2 ) test was used for all other comparisons. We used an alpha level of 0.05, to which we applied a Bonferroni adjustment for the number of simultaneous statistical comparisons (Rice, 1989) .
RESULTS
The results of the study are summarized in Table 1 . We found no statistically significant difference between the Cretaceous and Paleocene faunas in the occurrence of any escalation characteristic for either bivalves or gastropods. No escalation characteristic differed significantly between the Eocene and Oligocene mollusc faunas.
Of 20 comparisons performed for the middle Miocene and Pliocene-Pleistocene extinctions, one showed a significant difference that suggested that escalated species were more vulnerable to extinctions. Significantly greater proportions of strongly ornamented gastropods were exterminated in the Pliocene-Pleistocene regional extinction in comparison to weakly ornamented gastropods (χ 2 = 9.82). There was no significant difference in the survivability of any trait at the middle Miocene extinction.
Although the severity of the four mass extinctions differed, as did the mechanisms for climate change, their effects on the escalation levels of the faunas did not vary. The prediction that the more severe Cretaceous-Tertiary extinction should disproportionately affect escalated species relative to other extinctions is not supported by the data. Cretaceous and Paleocene faunas did not differ in degree of escalation for any of the traits examined.
DISCUSSION
Only one of a total of 40 tests across four extinction boundaries supported the hypothesis that armored species were more vulnerable than nonarmored species to mass extinction. Pliocene gastropods with strong ornamentation were more susceptible to extinction than were weakly ornamented species. These results do not support the hypothesis that escalated species are more vulnerable to climate-related mass extinctions.
The results are in partial contradiction to those of earlier studies (Vermeij and Petuch, 1986; Vermeij, 1987) . Vermeij and Petuch examined Pliocene subgenera and their recent descendants within 18 gastropod families and found preferential extinction of escalated taxa (those with narrow or thick-lipped apertures) in western Atlantic rocky-bottom habitats. However, the opposite results occurred for eastern Pacific taxa and those in soft-bottom habitats. Our PliocenePleistocene study, which differs from that of Vermeij and Petuch (1986) by examining survivorship at the species level for both gastropods and bivalves with respect to a wider range of characteristics, found no effect of apertural armor on survivorship. However, we found that Pliocene gastropods with greater ornamentation were more prone to extinction than were weakly ornamented species.
No antipredatory trait other than ornamentation increased the susceptibility of escalated taxa to mass extinction. Ornamentation has been cited as an antipredatory character in several studies (see summary by Leighton [1999] and discussion by Stone [1998] ). The apparent susceptibility of highly ornamented gastropods during the Pliocene-Pleistocene extinction may indicate that ornamentation, despite its antipredatory advantages, increases susceptibility to mass extinction. This conclusion, however, is contradicted by the lack of effect of ornamentation on survivorship of Pliocene-Pleistocene bivalves and the lack of effect on both gastropods and bivalves at the other three extinction boundaries.
Our findings support conclusions drawn in a preliminary study (Kelley and Hansen, 1996) of escalation levels of Cretaceous-Paleocene and Eocene-Oligocene bivalves based on a literature survey, although details of the two studies differ. Bivalve species reported in the published literature from the Upper Cretaceous Nacatoch Sand and equivalents, the lower Paleocene of the Gulf Coast, and the Eocene Moodys Branch and Oligocene Red Bluff Formation were assigned to broad categories with respect to shell size, thickness, ornamentation, and margin (Kelley and Hansen, 1996) . Assignments were based on figured specimens and species descriptions. The pilot study suggested that Cretaceous bivalve species were smaller, thinner, and less ornamented, and had less tight valve closure (i.e., were less escalated) than Paleocene species; the current study indicates no significant difference between thickness, ornamentation, and valve closure of bivalves above and below the CretaceousPaleocene boundary. As in this study, Kelley and Hansen (1996) found no significant differences between Eocene and Oligocene faunas. Neither study supports the hypothesis that highly escalated species were more vulnerable to climate-related mass extinctions.
